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We produce cold and dense clouds of atomic ions (Ca+, Dy+) by laser ablation of metal targets
and cryogenic buffer gas cooling of the resulting plasma. We measure the temperature and density of
the ion clouds using laser absorption spectroscopy. We find that large ion densities (& 109 cm−3) can
be obtained at temperatures as low as 6 K. Our method opens up new ways to study cold neutral
plasmas, and to perform survey spectroscopy of ions that cannot be laser-cooled easily.
I. INTRODUCTION
Precision spectroscopy of ions has led to numerous ad-
vances and applications. Optical clocks based on trapped
ions are the most accurate clocks to date [1–4]. Trapped
ions are one of the leading approaches to the development
of large-scale quantum processors [5–8]. Precision mea-
surements using atomic [9–11] and molecular ions [12, 13]
have advanced our understanding of standard model and
beyond-standard-model physics.
However, many potential applications involving atomic
and molecular ions are stymied by the limited availability
of spectroscopic information. For example, astronomical
observation of the signature spectral lines of ions found in
space can be compared to laboratory-based measurements
to test fundamental physics [14–17] – however, accurate
rest frequencies of complex ions are often unavailable if
they have not been laser-cooled, or trapped and sympa-
thetically cooled using another laser-coolable ion. Another
example is furnished by molecular ions: there are a variety
of fundamental physics experiments that take advantage
of the vibrational and rotational degrees of freedom of
molecular ions [12, 13, 18, 19]. But the extreme dearth of
spectroscopic information about the majority of molecular
ions makes it a challenge to work with hitherto unstudied
species.
The spectroscopy of such unexplored atomic and molec-
ular ions would be greatly aided by the availability of
a simple and general method for survey spectroscopy of
cold ions. Here we adapt a technique that has been widely
used for neutral atom and molecule spectroscopy, cryo-
genic buffer gas cooling [20, 21], to address this need. We
report the first observation of cold and dense samples
of atomic ions produced using cryogenic buffer gas cool-
ing of laser-ablation plasmas. We perform absorption
spectroscopy on Ca+ ions cooled using helium buffer gas.
Additionally, as a demonstration of the applicability of
this technique to the spectroscopy of a complex ion, we
present measurements made on cold Dy+ ion clouds.
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FIG. 1: Schematic of the cell used for the laser
absorption measurements (not to scale). The cell is
thermally connected to a liquid helium cryostat, and was
maintained at 6 K for all the measurements reported
here. PD are photodiodes.
II. APPARATUS
We produced and studied Ca+ and Dy+ ion clouds in a
buffer gas cell held within a liquid-helium-cooled cryostat.
Calcium and dysprosium metal targets were affixed in
an aluminum cell attached to the cryostat. The metal
targets were ablated using a pulsed Nd:YAG laser (∼ 7
ns pulse width) focused on to the targets using a 200
mm focal length lens, with typical pulse energies between
5-10 mJ. (Higher temperatures for the ion clouds were
observed with higher pulse energies.) The ions produced
by laser ablation reached equilibrium through collisions
with helium buffer gas. The buffer gas was pre-cooled to 4
K and introduced into the cell at a flow rate of 1 standard
cubic centimeter per minute (4.5×1017 atoms/s). Helium
gas was allowed to leak out of the cell through a 1 mm
diameter aperture, resulting in a steady state buffer gas
density nbg ≈ 2× 1016 cm−3 within the cell.
A schematic of the cell and the laser geometry used
for the measurements is shown in Fig. 1. Ca+ ions were
probed using the 4s 2S1/2 → 4p 2P1/2 transition, and
Dy+ ions using the 4f10 6s1/2(J = 17/2)→ 4f10 6p (J =
15/2) transition (both near 397 nm). The frequency of
the 397 nm probe laser was locked (typically with .1
MHz instability) to a cesium-stabilized reference laser
using a transfer interferometer [22], and scanned under
software control. Photodiode signals were processed to
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2extract the optical depth at both the “near” and “far”
measurement ports shown in Fig. 1. Higher ion densities
and temperatures (both typically ∼50% higher) were
observed at the near port. All the measurements reported
here were made at the far port.
III. RESULTS
, t
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FIG. 2: Time evolution of the optical depths of the Ca+
and Dy+ ion clouds. The ablation laser pulse occurs at
t = 0. The solid lines are a fit to the function F (t)
described in the text.
Optical depths were calculated from the absorption
time traces measured on the photodiodes, and fit to a sim-
ple empirical model function F (t) = A
(
1− e−t/τ1) e−t/τ2 ,
as shown in Fig. 2. We calculate the resonant absorption
cross section σ0 =
λ20
2pi
(
2Jf+1
2Ji+1
)
η, where λ0 is the reso-
nance wavelength, Ji, Jf are the angular momenta of the
initial and final states, and η is the ratio of the partial
linewidth of the transition to the total linewidth of the
excited state [23]: the cross section for the Ca+ (Dy+)
transition is σCa+ = 2.8×10−10 cm2 (σDy+ = 1.8×10−10
cm2). Using the relation n = F/σ0`, the peak optical
depth Fmax = 2.2 (1.0) for Ca
+ (Dy+) shown in Fig. 2
corresponds to a peak ion density (averaged along the `
= 56 mm long absorption column) of nCa+ = 1.4 × 109
cm−3 (nDy+ = 109 cm−3).
We were able to increase the peak optical depths of
the clouds compared to the values shown in Fig. 2 by a
factor of ∼2 using higher ablation laser pulse energies,
at the expense of increased temperature. The fall time,
from the fit to the time traces shown in Fig. 2, is τ2 = 0.9
ms (0.2 ms) for Ca+ (Dy+) ion clouds. In comparison,
the fall time of neutral Ca atom clouds was measured to
be significantly longer (τ2 ∼70 ms) with the same buffer
gas density and cell geometry, consistent with loss by
diffusion to the cell wall and extraction through the cell
aperture, as seen in other neutral atom buffer gas cooling
experiments cf.[20, 21].
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FIG. 3: Absorption spectrum of the the ion clouds. The
peak optical depths from traces such as in Fig. 2 are
measured while the frequency of the probe laser is
scanned. The solid lines are fits to a gaussian (sum of
two gaussians) for Ca+ (Dy+) corresponding to a
Doppler temperature of 6 K.
The absorption spectrum of the ion clouds is shown in
Fig. 3, along with the fits used to extract the temperature
of the clouds. All the lines yield identical Doppler temper-
atures (TD = 6 K), equal to the cell temperature measured
using a calibrated thermometer. The mean time between
collisions of the ions with the helium atoms is τc ∼ 1 µs
at the buffer gas density used in these experiments. The
long dwell times (τ2  τc) and low temperatures mea-
sured in Figs. 2 and 3 indicate that ions from the laser
ablation plasma survive a large number of collisions as
they thermalize with the helium buffer gas atoms. This is
consistent with the expected absence of charge exchange
collisions with the buffer gas, given the large ionization
energy of helium compared to the electron affinities of
Ca+ and Dy+.
3The mean ion spacing at the densities measured above is
a = (3/4pinion)
1/3 ≈ 6 µm, which translates to a pairwise
Coulomb repulsion energy VC =
1
4pi0
e2
a ≈ kB× 3 K. This
is a significant amount compared to the thermal energy
of the ion clouds, indicating that the ions along with an
accompanying electron cloud exist as a neutral plasma
in the buffer gas cell. Compared to typical ultracold
neutral plasmas produced by photoionization of laser-
cooled neutral atoms (cf. [24, 25]), we observe at least an
order of magnitude more cold ions at comparable densities,
confined within the buffer gas cell for a longer duration.
The Coulomb coupling parameter for the Ca+ and Dy+
ion clouds is Γion = VC/kBTD ≈ 0.5, which puts them on
the verge of the strong-coupling regime [24, 26].
We offer two possible hypotheses for the disappearance
of ion signals at a faster rate than neutral atoms under
identical conditions: (a) diffusion of electrons to the walls
of the cell at a faster rate than ions, followed by Coulomb
explosion of the positive ion cloud; or (b) recombination
of the electrons and ions into neutral atoms. We consider
(b) to be less likely, but it cannot be ruled out conclusively
at this time.
The two Dy+ peaks shown in Fig. 3 are spaced apart
by ∆ν = 451 ± 5 MHz, where the uncertainty is the
quadrature sum of the fit uncertainty and the probe laser
frequency stability. These two peaks were the largest
features in this frequency neighborhood, suggesting that
they are I = 0 isotope lines that are undiluted by hyper-
fine splitting. Further, the ratio of the heights of these
peaks is r = 1.20 ± 0.06, consistent with the natural abun-
dance ratio of 164Dy and 162Dy (r = 1.11). (Only one
high-resolution spectroscopic study of Dy+ ions has been
published [27], but that work does not provide hyperfine
constants or isotope shifts for the J = 17/2→ J = 15/2
Dy+ line studied here). We chose to study this Dy+ line
due to its convenient overlap with an existing 397 nm
probe laser in our laboratory – nevertheless, the ease with
which an unexplored line in a complex ion such as Dy+
can be spectroscopically studied using buffer gas cooling
is indicative of the wider applicability of this technique.
IV. SUMMARY
We have shown that high densities of cold atomic ions
can be produced by cryogenic buffer gas cooling. We
observe that the ions survive multiple collisions with he-
lium buffer gas atoms and thermalize with them, making
it possible to study their optical transitions with good
spectral resolution. As with neutral atoms and molecules,
buffer gas cooling of ions is a convenient and general
method that can likely be used to study a vast array of
atomic and molecular ions – any ions that do not undergo
charge transfer reactions with the helium buffer gas can
be cooled and studied in this way. This method could be
useful for survey spectroscopy of atomic and molecular
ions that are interesting for astrochemistry and precision
measurements. Cooling and confinement of ions without
externally applied electromagnetic fields could also be
useful for characterizing collisional frequency shifts rele-
vant for trapped-ion clocks [28, 29], and for studying the
many-body physics of strongly coupled neutral plasmas
[24, 26].
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